[1] Dissolved iron (dFe) distributions and atmospheric and vertical subduction fluxes of dFe were determined in the upper water column for two meridional transects of the Atlantic Ocean. The data demonstrate the disparity between the iron biogeochemistry of the North and South Atlantic Ocean and show well-defined gradients of size fractionated iron species in surface waters between geographic provinces. The highest dFe and lowest mixed layer residence times (0.4-2.5 years) were found in the northern tropical and subtropical regions. In contrast, the South Atlantic Gyre had lower dFe concentrations (<0.4 nM) and much longer residence times (>5 years), presumably due to lower atmospheric inputs and more efficient biological recycling of iron in this region. Vertical input fluxes of dFe to surface waters ranged from 20 to 170 nmol m -2 d -1 in the North Atlantic and tropical provinces, whereas average fluxes of 6-13 nmol m -2 d -1 were estimated for the South Atlantic. Our estimates showed that the variable dFe distribution over the surface Atlantic (<0.1-2.0 nM) predominantly reflected atmospheric Fe deposition fluxes (>50% of total vertical Fe flux to surface waters) rather than upwelling or vertical mixing. This demonstrates the strength of the connection between land-derived atmospheric Fe fluxes and the biological cycling of carbon and nitrogen in the Atlantic Ocean.
Introduction
[2] Phytoplankton growth is limited by iron availability in approximately one third of the world's oceans, and global export production is highly sensitive to iron fluxes from atmospheric deposition [Moore et al., 2002; Parekh et al., 2004] . Hence, knowledge of the spatial distribution and atmospheric fluxes of iron in the ocean is required to improve our understanding of its role in regulating primary production. The rate of primary production in the Atlantic is largely controlled by the availability of inorganic and organic macronutrients (N and P) delivered predominantly by in situ processes (e.g., nitrogen fixation) or by physical transport (e.g., diapycnic transfer) [Mahaffey et al., 2004] . However, the dynamic nature of dFe supply and short residence times in the surface mixed layer (<2 years) [Bergquist et al., 2007; Jickells, 1999; Sarthou et al., 2003 ] means that the spatial and temporal variation in the distribution of Fe in Atlantic surface waters can affect important processes, such as rates of primary production and bloom formation [Blain et al., 2004; Martin et al., 1993; Moore et al., 2006] as well as rates of nitrogen fixation in tropical and subtropical regions [Mills et al., 2004; Moore et al., 2009] .
[3] Recent studies indicated that hydrothermal contributions of dFe to the upper water column (0-300 m) in the Atlantic are negligible [Tagliabue et al., 2010] and that surface dFe gradients from shelf regions generally do not extend beyond approximately 1000 km from continental shelves [Elrod et al., 2004; Ussher et al., 2007] . However, a major source of Fe to the remote North Atlantic is the transport and deposition of atmospherically processed aerosols and precipitation [Baker et al., 2006a; Buck et al., 2010a Buck et al., , 2010b Duce and Tindale, 1991; Helmers and Schrems, 1995] . The main vectors for this process are the seasonally oscillating Saharan dust plume (approximately 0°-30°N) [Kaufman et al., 2005] and the Inter Tropical Convergence Zone (ITCZ) at its southern extent (5°S-15°N). Dust inputs to the South Atlantic are weaker, with important consequences for biogeochemical cycles [Moore et al., 2009] .
[4] To assess the importance of regional atmospheric deposition on Fe distributions in the upper water column of the Atlantic Ocean, we present dFe data from two Atlantic Meridional Transects (AMT15 and AMT16). Atmospheric deposition is highly variable within time scales shorter than surface water dFe residence times [Duce and Tindale, 1991; Sarthou et al., 2003] . Therefore, to estimate vertical fluxes and residence times, we provide both in situ (instantaneous) and seasonal (interannual 3 month average) atmospheric Fe fluxes for Atlantic regions and calculate the vertical transport of dFe across the thermocline into the surface mixed layer from physical oceanographic data.
Materials and Methods

Seawater Sampling and Processing
[5] Trace metal sampling was conducted between the surface and upper water column (0-300 m) in the temperate, subtropical, and tropical regions of the Atlantic Ocean (Figure 1 ) on board the RRS Discovery (UK). "AMT15" was a transect from Southampton, UK, to Cape Town, South Africa (17 September to 29 October 2004), and "AMT16" took place the following year between Cape Town, South Africa, and Falmouth, UK (20 May to 28 June 2005). The cruise track for AMT15 deviated from open ocean North Atlantic waters into the shelf waters of the Mauritania upwelling region (approximately 20°N, 18°W) whereas the AMT16 track headed to a waypoint at the center of the North Atlantic subtropical gyre (approximately 34°N, 46°W). Cruise tracks were identical between the equator and 20°S, but during AMT15, the ship headed farther south to sample the productive waters of the southern subtropical convergence zone (approximately 40°S). The provinces indicated were defined according to Longhurst [1998] and are listed in Table A1 in the supporting information.
[6] High-purity water (deionized (DI) water, 18.2 MΩ cm) was used for all rinses, reagents, and standards, and all sample storage bottles were low-density polyethylene (LDPE) bottles (Nalgene, UK). Sample bottles and other plastic labware were cleaned by sequential 10 day soaks in 1% Decon ™ , 50% HCl (Aristar ™ Grade, VWR), and 20% HNO 3 (Aristar ™ Grade, VWR). Following this, they were rinsed three times with DI water and filled with ultrapure 0.01 M HCl (Romil-UpA ™ , Romil, UK) until used. All sample handling and processing was conducted in a laminar flow hood in a trace metal clean container.
[7] Filtered and unfiltered underway surface samples were pumped through acid-washed LDPE tubing from a trace metal towed fish which was deployed on the port side of the ship to a depth of~5 m. Subsurface samples were collected using a titanium alloy conductivity-temperature-depth (CTD) frame deployed on a new stainless steel wire, using modified 10 L Ocean Test Equipment ™ sample bottles (Model 110). Seawater samples were processed for different size fractions of Fe, defined as follows: soluble iron (sFe <0.02 μm), dissolved iron (dFe, <0.2 μm), and total dissolvable iron (TDFe, unfiltered seawater). Sartobran ™ cartridges (0.2 μm cutoff, Sartorius) and PTFE membrane syringe filters (0.2 μm cutoff, GD/X ™ , Whatman) were used for underway and discrete hydrocast samples, respectively. For the soluble size fraction, precleaned Anotop ™ syringe filters (25 mm, 0.02 μm pore size, Whatman) were connected in-line to a six-channel peristaltic pump (Gilson Minipuls 3 ™ ). All filtered and unfiltered samples were acidified with HCl (UltraPure, Romil, UK) at a ratio of 1 mL L -1 . The sample bottles were then sealed tightly, triple bagged, and stored in a cool room for >6 months before analysis on land. To check for contamination, dFe was determined on board in selected samples and blanks on a weekly basis. Further details of the sampling and processing can be found in the supporting information.
Determination of Iron and Aluminum in Seawater
[8] Iron in size fractionated seawater samples (sFe, dFe, and TDFe) was determined using flow injection with chemiluminescence detection (FI-CL). This used luminol as the chemiluminescence reagent and employed a sulfite reduction step (spiked addition of sodium sulfite to make a final concentration of 0.1 mM, 12 h reaction time) prior to determination of Fe(II) [Bowie et al., 1998 ]. Further details of the method can be found in the supporting information. The between-batch consistency of dFe analysis and the within-batch drift were checked by analyzing the IRONAGES reference seawater [Bowie et al., 2006] and an in-house reference seawater with each batch of samples. Analysis of SAFe S1 and D2 seawater reference materials gave 0.18 ± 0.02 nM and 0.93 ± 0.04 nM, respectively (consensus values were 0.097 ± 0.043 nM and 0.91 ± 0.17 nM, respectively [Johnson et al., 2007] ). Two blind intercomparisons with an inductively coupled plasma-mass spectrometry method were also performed using Atlantic open ocean and shelf samples and gave good agreement within the range 0.2-2.0 nM [Bowie et al., 2007; Ussher et al., 2010] .
[9] Surface dAl was determined by reaction with lumogallion (2,2′,4′-trihydroxy-5-chloroazobenzene-3-sulfonic acid) followed by fluorescence detection (λ ex 465 nm, λ em 555 nm) using a batch method [Hydes and Liss, 1976] . No open ocean reference materials were available for dAl at the time of analysis, and hence, oceanographic consistency was checked by comparison with Atlantic data from other workers [Measures et al., 2008] .
Atmospheric Sampling and Analysis
[10] Samples for aerosol trace metal analysis were collected using high-volume (1 m 3 min -1
) collectors mounted on the wheelhouse roof of the vessel. During AMT15, the collector was equipped with a three-stage Sierra-type cascade impactor head, while bulk (20 × 25 cm) samples were collected during AMT16. For both cruises, aerosol collection substrates (Whatman 41 cellulose) were acid washed before use to reduce trace metal blanks, first in 0.5 M HCl and then in 0.1 M HNO 3 (AMT15) or 0.1 M HCl (AMT16). Sample filters were generally changed every 1-2 days (average air volume sampled~1400-2800 m 3 ) during AMT15, or every 2-3 days during AMT16 (~2800-4200 m 3 ). Wind direction was continuously monitored and the sampler was switched off if there was a risk of contamination from the ship's exhaust. After sampling, the filters were stored in separate sealed plastic bags, frozen immediately, and returned to the laboratory for later analysis. Detailed methods can be found elsewhere [Baker et al., 2006b; Rijkenberg et al., 2012] and procedural blank data can be found in Table S2 in the supporting information.
[11] Rain samples were collected by manually opening rain collectors (LDPE bottles attached to 40 cm diameter polypropylene funnels) immediately prior to, or at the onset of, rain and closing them upon the cessation of rain. Rain sampling equipment was cleaned by soaking in 10% vol/vol HNO 3 for at least 48 h before use, and bottles were stored filled with DI water acidified with 1 mL L -1 concentrated Aristar HNO 3 [Baker et al., 2007] . Blanks for rain sampling were determined during each cruise by collecting acidified (1 mL L -1 concentrated HNO 3 ) DI water that had been used to rinse the collection surfaces of the rain funnels and determining the trace metal content of this rinse water. Samples were frozen immediately, without filtration, and were subsequently acidified as above and left to stand for at least 2 weeks before analysis.
[12] Soluble aerosol Fe and Al concentrations were determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian) after extraction of a portion of each filter in ammonium acetate solution (pH 4.7) and subsequent filtration of the extract through 0.2 μm filters [Baker et al., 2007] . Unfiltered, acidified rain samples were analyzed for Fe and Al concentrations using the same ICP-OES instrument. Total Fe and Al concentrations were determined by instrumental neutron activation analysis (INAA) of separate portions of the filters. For AMT15, soluble Fe and Al determination was carried out separately for the submicron and supermicron aerosol size fractions, but INAA was done using all size fractions combined, so that only bulk total Fe and Al concentrations are available for this cruise.
Supporting Oceanographic Data
[13] Underway and CTD physical data were obtained from FSI OCM (ocean conductivity module, Falmouth Scientific Inc.) conductivity and temperature sensors operated by the National Marine Facilities (Southampton, UK). The CTD temperature and conductivity sensors were calibrated against discrete samples measured on a salinometer (Autosal, Guideline). Dissolved oxygen was determined using a SBE 43 Oxygen sensor and calibrated with dissolved oxygen data determined by Winkler titration. Ocean Data View software was used to plot the vertical AMT sections (http:// odv.awi.de, 2008).
Results and Discussion
Surface Water dFe and dAl Distributions
[14] Surface water dFe and TDFe were compared with atmospheric fluxes and physical variables (temperature and salinity) for both AMT cruises (Figures 2 and 3 ). This included dAl, as a proxy for atmospheric deposition (Figures 2c and 3c ). Data from rain and aerosol samples were used to calculate total instantaneous atmospheric Fe deposition (Figures 2e and 3e), and mean seasonal Fe deposition was calculated from (i) three cruises, including AMT16, for the period of April-June, and (ii) nine cruises, including AMT15, for the period of September-November (Figures 2f and 3f ). Dry deposition fluxes in these calculations were estimated using particle size-and wind speeddependent deposition velocities, as described in Baker et al. [2010 Baker et al. [ , 2013 . A consistent contrast in the iron distributions between the North and South Atlantic was observed for both AMT15 and AMT16 transects. Minimum surface dFe concentrations (<0.1-0.4 nM) were found in the center of the South Atlantic Gyral Province (SATL) between 15°S and 30°S and increased moving north over the equator in concert with dAl and in situ atmospheric Fe and Al fluxes. In accordance with the known extent of the Saharan dust plume, the maximum dFe and TDFe concentrations were found between 0°and 30°N in the Western Tropical Atlantic Province (WTRA) and the North Atlantic Tropical Gyre Province (NATR). The dFe concentrations decreased northward into the North Atlantic Subtropical Gyre (NAST) at approximately 30°N and the North Atlantic Drift (NADR), where they remained lower and less variable (0.2-0.6 nM) until the approach to the European shelf break.
[15] The well-defined decrease in dFe, TDFe, dAl, and in situ atmospheric concentrations of Fe and Al, north of 30°N for AMT16 (Figure 3 ), demonstrated the latitudinal limit of the main Saharan dust plume. This gradient in both dFe and dAl agreed with observations from other studies [Bergquist et al., 2007; Bowie et al., 2002; Buck et al., 2010a; Measures et al., 2008; Shelley et al., 2012] and was consistent with model studies [Mahowald et al., 2009] , confirming this to be a permanent interannual feature, likely strengthened by medium-strong winter mixing (downward subduction) in the NAST (>30°N) compared with weak seasonal mixing in the NATR (12°N-30°N) [Longhurst, 1998] .
[16] Toward the southern extent of the Saharan dust plume, a second maximum in surface dFe (0.8-1.6 nM) was observed for both cruises between 5°N and 13°N, where intense rain showers were recorded during both cruises. These features occurred in concert with a surface salinity minimum (<35) (Figures 2a and 3a) and a maximum dAl concentration (>40 nM). Both dFe and dAl showed a significant correlation with salinity in this region for AMT15 (r 2 = 0.67 and 0.51, n = 16 and 9, respectively) and AMT16 (r 2 = 0.57 and 0.52, n = 31 and 23). This suggests that high atmospheric particle concentrations combined with scavenging by rainfall in the ITCZ were a major source of dFe to the surface waters of the WTRA, consistent with the complex meteorological interactions in this area, resulting in high rainfall on the northern edge of the ITCZ intensified by dust outbreaks, as described by Wilcox et al. [2010] . This feature was observed during boreal spring/summer and autumn; hence, it is likely to continue through the winter, although the salinity minimum will move south as the ITCZ oscillates. Indeed, similar dFe maxima have been observed in other Atlantic transects across the ITCZ in October 2000 (0.74 nM [Sarthou et al., 2003] ), March 2002 (~0.7 nM [Bergquist et al., 2007] ), and June-August 2003 (~1.2 nM [Measures et al., 2008] ).
[17] Evidence indicated that the seasonal retroflection of the Amazon plume was not the main cause of the high-dFe, lowsalinity feature in both AMT15 and AMT16. The plume can feed into the rapid northern equatorial counter current (NECC , 3°N-10°N) ; however, no elevation in surface silicate concentration (i.e., >1.5 μM), which would be indicative of Amazon inputs, was observed in either AMT15 or AMT16 surface samples. Second, the NECC flows at full strength (~40 cm s -1 ) during boreal summer [Fratantoni, 2001] ; therefore, this situation would have been unlikely during AMT16 (May-June 2005) as efficient advection of the Amazon plume by the Brazil Current retroflection occurs between July and October [Lentz, 1995] . Measures et al. [2008] suggested that high productivity and utilization of nutrients advected within the plume cause the removal of dFe. Furthermore, clear maxima in dFe and total dissolvable Fe and Al (unfiltered acidified samples) that coincide with a surface salinity minimum have been observed even farther east (~15°W) than this study [Bowie et al., 2002; Sarthou et al., 2003] .
[18] The surface salinity minima on the AMT transects were lower than the salinity of upwelled water (~35-36) below the mixed layer in this region, suggesting that upwelling and/or spatial changes in evaporation were not the principal causes of the strong dFe-salinity relationship. This suggests that precipitation is the primary cause of the high-Fe, low-salinity feature. Indeed, the volume-weighted mean Fe concentration for all rainwater samples near the equator was 310 nM and therefore the flux due to the mixing of rain with surface water is sufficiently large to provide the required source of dFe to sustain the surface dFe maximum.
[19] Seawater dAl measurements provided useful supporting data to show the magnitude of previous dust deposition over the two transects due to its sufficiently long residence time in surface waters (~5 years) [Orians and Bruland, 1986] . The observed surface dAl features in Figures 2 and 3 were therefore indicative of integrated dust deposition flux over the past few years in the water masses sampled and showed a clear maximum at 0°-10°N. The fact that this is an accumulated pool is shown in the good consistency in surface dAl between the two cruises presented here and with data from other workers [Measures et al., 2008; Vink and Measures, 2001] .
[20] On the other hand, seasonal changes are not well reflected by in situ surface dAl concentrations and horizontal advection may mask inputs predicted for local deposition fluxes by models and satellite data [Measures et al., 2008] . Similar to dFe, dAl is efficiently removed by scavenging [Moran and Moore, 1988] but is not known to be utilized by microorganisms for biological processes. A lack of direct correlation between dAl and dFe is therefore not surprising. The different active biogeochemical cycling of dFe and dAl, which leads to different residence times, has been shown to have a profound influence on their distribution, such as opposing spatial trends in surface waters that receive high annual dust fluxes [Kramer et al., 2004] .
Size Fractionated Iron Distributions
[21] Size fractionated Fe data (Figure 4 ) for surface seawater showed that the surface Fe maximum in the NATR (12°N-30°N) was predominantly due to enhanced colloidal (0.02-0.2 μm) and particulate (>0.2 μm) Fe. The maximum in particulate Fe occurred in the region where the highest aerosol fluxes were observed. The residence time of this Fe fraction was sufficiently high to sustain these features, presumably due to sufficiently low sinking rates of colloids and fine particles, in addition to recycled Fe becoming associated with larger biogenic particles. In comparison, the size fractionation of the surface Fe maximum near the ITCZ showed a dominance of colloidal Fe and a lower contribution from particulate Fe. The inverse correlation of dFe with salinity mentioned above suggests that Fe in wet deposition results in accumulation of colloidal Fe that is sufficiently stable to be observed in these surface waters.
[22] Consistent with previous studies in the Atlantic [Sarthou et al., 2003; Buck et al., 2010b] , aerosol size fractionation for AMT15 ( Figure 5 ) showed a transition from coarse aerosol particles (>1 μm), being the dominant source of soluble aerosol Fe (~50-95%) in the North Atlantic, to fine particles (<1 μm) in the South Atlantic. The lowest surface dFe, dAl, and atmospheric Fe concentrations were observed in the central South Atlantic Gyre for both cruises; this reflected the relatively low wet and dry deposition fluxes [Helmers and Schrems, 1995; Mahowald et al., 2009 ] to the SATL (Figures 2 and 3) . Interestingly, the size fractionation analysis of Fe in seawater for AMT16 showed that Fe was predominantly sFe in this province. This different fractionation can be explained, for the most part, by the lower atmospheric fluxes and by different biogeochemical processing of Fe in these surface waters.
Upper Water Column dFe Distributions
[23] To comprehend the dFe distribution in the surface mixed layer, it was necessary to consider the Fe supply from below and indicators of remineralization. To do this, subsurface waters (0-200 and 0-300 m) were sampled for both AMT15 and AMT16 cruises (Figures 6 and 7) . For many of the provinces, the vertical dFe distribution was reasonably uniform, showing little variability across the upper thermocline, but strong latitudinal gradients between the geographical provinces were evident, with the lowest dFe concentrations (<0.4 nM) in the subtropical gyres. The most significant features of these sections were the high dFe (>0.8 nM) waters observed in the upwelling water masses of the northern equatorial (0°-15°N) and Mauritanian shelf (20°N-25°N, AMT15 ) regions (Figures 6a and 7a) . In both cases, the maximum dFe concentrations occurred within upwelled water containing low dissolved oxygen (<150 μM; Figures 6b and 7b) .
[24] The consistency between cruises and with similar studies [Bergquist and Boyle, 2006; Measures et al., 2008] confirms this "fountain" of dFe to be a permanent feature in the WTRA. This is likely to be maintained by production of Fe (II) under low-oxygen conditions (S. J. Ussher et al., manuscript in preparation, 2013) and bacterial remineralization of biogenic particulate iron with consequential production of Febinding ligands [Boyd et al., 2010; Schlosser and Croot, 2009] .
[25] The dFe concentrations in these subsurface water masses could result from a combination of inputs via (i) organic carbon (C org ) remineralization, (ii) dissolution of lithogenic colloids derived from the northwest African shelf, and (iii) dissolution of Fe from atmospheric particles. To assess which processes were dominant, Fe:C org ratios below the mixed layer of the WTRA were calculated by converting apparent oxygen utilization into remineralized C org (using an -O 2 :C org ratio of 1.39 [Anderson, 1995] ). A direct comparison of dFe below the surface mixed layer and estimated organic carbon prior to remineralization (Figure 8 ) showed that Fe:C org ratios were, for the most part, within the range reported for phytoplankton in open-ocean waters (1.5-13 μmol mol -1 ) [Sunda, 1997] , with~30-40% of the data higher than this range.
[26] The distributions show agreement with Fe:C ratios reported for this region by other workers [Bergquist and Boyle, 2006; Rijkenberg et al., 2012] and suggest that a significant fraction of Fe in the low-oxygen subsurface and intermediate waters of this region would have been derived from biogenic material. However, the origin of enhanced dFe in upwelled water, far away from the shelf, is likely to be atmospheric Fe that has been incorporated in biota, exported and remineralized. Similar to Measures et al.
[2008], low-temperature, low-O 2 upwelled water was observed south of the dFe plume that was not associated with elevated dFe. On the other hand, separation of the data into regions showed consistently elevated Fe:C org ratios (>13 μmol mol -1 ) in the Mauritanian oxygen minimum zone (OMZ) (Figure 8a ), which indicate a lithogenic source near the shelf or higher uptake ratios of Fe:C org by primary producers in this region.
Vertical Subduction Fluxes Across the Thermocline
[27] To estimate the downwelling/upwelling flux of dFe in the different provinces along the two AMT transects, the annual flux of water volume between the mixed layer and the permanent thermocline was calculated. This allowed vertical water column fluxes to be compared with atmospheric deposition fluxes and to estimate dFe residence times in the mixed layer. The methodology for calculating subduction fluxes follows Marshall et al. [1993] and requires solving equation (1):
where the vertical velocity at the base of the mixed layer has been related to the Ekman pumping using the linear vorticity balance. In equation (1), the overbar denotes an annual average, S ann is then the annual subduction of water into the permanent thermocline, W Ek is the Ekman pumping vertical velocity induced by surface winds, ƒ is the planetary vorticity, and β is its gradient; v is the meridional velocity integrated between the surface and the depth of the winter mixed layer H and u is the velocity at the base of the winter mixed layer.
[28] To evaluate equation (1) along the AMT transects, the winter mixed layer depth was collated from a global climatology of 0.25°resolution generated from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) 50 year reanalysis data set [Kistler et al., 2001] . The maximum winter values for each of the data points closest to the AMT tracks were selected. Surface winds used in the calculation of the Ekman pumping velocity were obtained from 10 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) of ECMWF ERA-Interim reanalysis data. Ocean currents were obtained in each of the AMTs by the onboard 75 kHz RDI VMADCP (Teledyne RD Instruments Vessel Mounted Acoustic Doppler Current Profiler). The data have been processed using the CODAS software and processing steps (see http://currents.soest.hawaii.edu/docs/doc/codas_doc/index.html for a detailed description of the methodology). The closest available data to the AMT hourly averaged tracks were selected and further averaged to 1°resolution.
[29] The largest differences between the two AMT cruises reflect the different tracks followed by each cruise. This is especially true in Figure 9a , as location is the only determinand used in the selection of the winter mixed layer depth. As previously mentioned, the AMT15 track went closer to the African coast (hence the shallower mixed layer depths in the north equatorial region).
[30] The general trend is one of decreasing depths toward the equator. The Ekman pumping (positive reflects upwelling; Figure 9b ) climatology along both tracks reflects the mean wind circulation in the northern and southern gyres as well as the strong divergence along the north equatorial region. No values are shown for the equatorial region as the coriolis parameter tends to zero there. The largest variability in Ekman pumping was associated with the equatorial and tropical region (10°S to 10°N) . The north gyre subduction region is clearly defined but is not present in the South Atlantic in which the AMT tracks cover a region of weak upwelling. Climatological Ekman pumping downwelling in the South Atlantic starts from 40°S. Figure 9c shows the annual subduction volume fluxes at 1°resolution while Figure 9d represents volume fluxes averaged over the area of the provinces. Small differences can be noted between the AMT cruises although the sign of the flux is consistent in both.
[31] Apparent in Figure 9 is a marked asymmetry in the latitudinal averaged annual subduction rates around the equator, with larger values north of the equator. During both AMT cruises, the ITCZ was north of its early boreal spring location and consequently, the associated peak in Ekman pumping was also shifted northward [Doi et al., 2010] . The sharp decrease in subduction rates south of the equator (Figure 9c ) is also linked to the Atlantic Meridional Mode (AMM), a climate mode associated with the cross-equatorial meridional gradient of the sea surface temperature anomaly in the tropical Atlantic [Xie and Carton, 2004) . AMT16 took place during a positive AMM phase, which would drive a stronger Ekman upwelling north of the equator and a sharp decrease south of it, as reflected in our calculations shown in Figures 9b-9d. 
Regional dFe Mixed Layer Residence Times
[32] The dFe distributions from the two Atlantic transects (Figures 6 and 7 ) indicated marked differences between atmospheric and upwelling fluxes in the North and South Atlantic. To interpret this further, surface mixed layer residence times were estimated for different Atlantic regions. The residence time calculations included seasonal atmospheric fluxes (see below) and the Fe fluxes to the surface mixed layer due to vertical mixing calculated from vertical and horizontal velocities [Marshall et al., 1993] (Figure 9 ). To calculate mixed layer residence times (Table 1) , mean dFe data were calculated for each Atlantic province for each cruise. Due to the contrasting vertical mixing in the north and south South Atlantic Gyral Province (SATL) mentioned above, this region was split into two provinces: SATL1 (15°S-40°S) and SATL2 (5°S-15°S).
[33] For all regions, average seasonal wet and dry atmospheric deposition fluxes were calculated (Figures 2f and 3f and Table 1 ), in order to allow for the short-term (daily) spatial and temporal variability of atmospheric dust deposition. These were climatological mean fluxes for 3 month periods, estimated using results from rain and aerosol collections during several basin-scale cruises through the Atlantic (three cruises, including AMT16, during April-June and nine cruises, including AMT15, during September-November). The methods used were similar to those used to estimate atmospheric nitrogen inputs to the Atlantic [Baker et al., 2010] and are described in detail elsewhere [Baker et al., 2013] .
[34] To convert the regional subduction rates (S ann ) between the mixed layer and the permanent thermocline to regional dFe fluxes, mean regional mixed layer depths were used from in situ CTD data. The calculated mean of dFe data below the mean winter mixed layer depth (Figure 9a ) for each individual province was used to estimate the upward flux of dFe when subduction was predominantly in an upward direction (negative number).
[35] The sum of both seasonal atmospheric flux and any upward Fe flux to the surface mixed layer due to vertical mixing gives an estimate of the vertical input flux of both atmospheric input and vertical water movement (defined as net input flux in Table 1 ).
[36] The resulting mixed layer residence times (Figure 10a ) showed a consistent difference between the North and South Atlantic Gyres for both cruises, from 1-3 years in the NAST to 6-13 years in the southern gyre. Furthermore, atmospheric flux was found to be >50% of the total dFe vertical input flux into the mixed layer in all the regions studied (Figure 10b ), even where significant upwelling occurred. The size speciation of Fe in the water column appears to be connected to residence time with a low proportion of Fe in the SATL associated with particles and colloids (Figures 2-4) . We hypothesize that the difference in residence times between the northern and southern gyres is caused by lower atmospheric Fe inputs and more efficient biological uptake and recycling of sFe in the South Atlantic gyre. This is further supported by observations of lower particle export in the South Atlantic [Charette and Moran, 1999] .
[37] In contrast, the WTRA had low dFe residence times (6-8 months) due to high inputs of Fe (associated with particles and colloids), high annual productivity, and high particulate organic carbon flux [Charette and Moran, 1999] . The overall trend in upper water column residence times for all provinces is similar to that observed for 230 Th and 234 Th residence times in surface Atlantic seawater which ranged from 0.2 to 4 years in the subtropical gyres but decreased notably in the WTRA [Hsieh et al., 2011] .
[38] The residence times presented here provide an estimate of the characteristic response time of the reservoir to imbalances in the input and removal fluxes in the case of a net input flux or a net removal flux. However, they should be considered approximations as a steady state is assumed in a highly dynamic environment of variable inputs and rapid biogeochemical cycling. The uncertainties in the residence time calculations reflect the inherent variability in atmospheric inputs, surface water concentrations and loss from the mixed layer for a biogeochemically active component such as dFe. To reduce the uncertainty, dFe concentrations have been averaged across the province and seasonal (3 month average) atmospheric fluxes were used. Similarly, to reduce uncertainty from local variability in upwelling and downwelling due to Ekman pumping, the subduction fluxes from the in situ physical data were averaged across provinces.
[39] The paucity of atmospheric deposition data remains a major uncertainty in these calculations. Atmospheric fluxes have a strong seasonality, particularly in the NATR region [Powell, 2010; Baker et al., 2013] . The annual average soluble Fe deposition flux estimated for this region is approximately double the seasonal flux used here. This suggests that the residence time estimates for this region reported here (~1.5 years) are likely to be overestimates. For the western NAST, an average Fe deposition flux at Bermuda can be estimated from a 2 year sampling period (172 μg m -2 d -1 [Tian et al., 2008] ). If a fractional solubility range of 6 ± 5% (n = 18) [Sedwick et al., 2007] is assumed and the same subduction flux is used from Table 1 , the estimated dFe residence time for the western NAST is 40-450 days, compared with the 420 days calculated using the shipboard AMT aerosol fluxes. Hence, the latter residence time is also likely to be an overestimate and suggests annual replenishment of the dFe pool in surface waters. Seasonality is less pronounced elsewhere along the transect, although even the South Atlantic demonstrates seasonality of dust supply, based on model estimates [Johnson et al., 2010] .
[40] This analysis emphasizes that residence time estimates of surface water dFe based on steady state assumptions are simplifications but, when combined with vertical subduction fluxes, can at least provide an indication of the likely characteristic response times of surface water dFe to the temporally and spatially variable input and removal processes. It is clear that North Atlantic regions have dFe pools in the surface mixed layer that are completely replenished within a time scale of several months to 2-3 years. The analysis also suggests that regardless of uncertainties and variability in atmospheric deposition fluxes, there is a systematic difference in residence times of dFe between the North and South Atlantic gyre regions, reflecting differences in water column biogeochemical processes.
Conclusion
[41] Overall, the AMT data showed basin-scale differences in the Atlantic surface Fe inventory that are consistent with modeled~10-fold difference in dust fluxes between the North (6.38 Tg yr ) [Mahowald et al., 2009] . Upwelling and vertical mixing of dFe into the mixed layer were more important in the tropics and eastern boundaries but over the entire basin they were not as dominant as atmospheric fluxes, which were >50% of the total vertical dFe flux. The study revealed very different biogeochemical cycling and fluxes of dFe in the North and South Atlantic Gyres, with higher residence times (>5 years) in the South Atlantic Gyre, where sFe was the dominant size fraction. The large variability in Fe concentrations in the upper water column is clearly sufficient to influence primary production and nitrogen fixation in the different Atlantic regions. We suggest this effect will be evident in other regions, including the Pacific and Indian Oceans, where there are also large-scale regional differences in atmospheric Fe fluxes.
[42] The most significant Fe flux from vertical mixing was found in the tropics (~40 nmol m
), where a plume of high dFe in the low-oxygen/suboxic subsurface waters extended from Mauritania into the center of the tropical upwelling region, fueled by high atmospheric deposition fluxes. If enhanced concentrations of dFe are stabilized in these lowoxygen water masses, as suggested here, then future expansion of OMZs [Stramma et al., 2008] may significantly increase the dFe inventory in the tropical and subtropical Atlantic.
